The structure of indium-catalyzed germanium nanowires is investigated by atomic force microscopy, scanning confocal Raman spectroscopy and transmission electron microscopy. The nanowires are formed by a crystalline core and an amorphous shell. We find that the diameter of the crystalline core varies along the nanowire, down to few nanometers. Phonon confinement effects are observed in the regions where the crystalline region is the thinnest. The results are consistent with the thermally insulating behavior of the core-shell nanowires.
(Some figures in this article are in colour only in the electronic version)
One-dimensional materials such as nanowires are promising building blocks for future nanoscale device applications such as biological/chemical sensors, high mobility transistors and solar cells [1] [2] [3] [4] . Additionally, semiconductor nanowires provide a resource-filled platform for fundamental condensed matter research [5] [6] [7] [8] . Among the various semiconductors obtained in the form of nanowires, special attention has been given to germanium nanowires [9, 10] . In comparison with silicon, the most widely used material in electronics, germanium has small effective electron and hole masses, that lead to higher carrier mobility. Indeed, germanium nanowire field effect devices may exhibit better performance than planar and nanowire silicon technology. Moreover, germanium nanowires can be grown on silicon substrates, thereby guaranteeing integration with silicon technology [11] [12] [13] .
The most commonly used method for the synthesis of nanowires is the vapor-liquid-solid method (VLS), in which a 7 Equal contribution. liquid metal nanoscale droplet is responsible for the nucleation and growth of the nanowires. The most common metal used is gold. Incorporated in the matrix, gold forms a deep level in the bandgap and is responsible for the reduction of lifetime of the carriers [14, 15] . It is for this reason that the use of alternative catalysts such as aluminum, indium, bismuth and gallium has been investigated [14, [16] [17] [18] [19] [20] . These metals are slightly less soluble than gold in silicon and germanium and at the same time do not form deep level traps [21] .
In this work, we investigate the structural properties of indium-catalyzed germanium nanowires. The synthesis was realized in a chemical vapor deposition furnace. Details of the growth system can be found elsewhere [19] . The substrates were fused quartz wafers with 5 nm of In, which was deposited by electron beam evaporation. Prior to the nanowire growth, a 15 min annealing was performed at 800
• C under a flow of 100 sccm H 2 and a pressure of 30 Torr in order to reduce the oxidized indium film [19] . For the nanowire synthesis, the temperature of the furnace was lowered to 300
• C. A mixture of 10% germane in argon was introduced into the growth chamber. The nanowires studied in this work correspond to the ones exhibiting the best aspect ratios-least tapering-and highest density on the substrate. The diameters are found to be between 70 and 200 nm. The morphology and structure of the nanowires was characterized by atomic force microscopy (AFM), Raman spectroscopy and transmission electron microscopy (TEM) in bright field (BF) and high resolution (HR) modes as well as scanning TEM (STEM) in annular dark field mode (ADF). For AFM and Raman spectroscopy measurements the nanowires were transferred mechanically from the as grown sample to a patterned silicon substrate. Patterning of the substrate enabled the identification of the nanowires for multiple measurements. For TEM investigations, the nanowires were transferred to a holey carbon copper grid as reported elsewhere [22] .
Prior to the Raman spectroscopy measurements, the size and morphology of the nanowires was measured by AFM. An example is given in figure 1(a) . The diameter of the nanowire, as obtained from the height, varied from 250 to 200 nm along the nanowire. This confirms the slightly tapered geometry of the nanowires, as observed previously by SEM. To gain insight into the structural variations along the nanowire, confocal Raman microscopy was realized on the same nanowire along the growth axis. The excitation wavelength was the 514.5 nm line of an Ar + laser. The laser was focused on the nanowire with a 100× objective (NA 0.95), leading to a laser spot size of about 600 nm. The power of the excitation was about 200 μW (equivalent to 70 kW cm −2 ), in order to avoid heating of the nanowire [23] [24] [25] . A series of measurements with increasing laser power enabled us to understand the power at which heating effects appear-heating effects are characterized by a frequency downshift and broadening of the phonon peaks. The scattered light was collected by an XY Raman Dilor triple spectrometer with a multichannel charge coupled device detector. The sample was positioned on an XY piezostage, which allowed the scanning of the surface with a precision of 10 nm.
A typical Raman scattering map of a 12 μm long nanowire is shown in figure 1(b) . It is clear that the Raman spectrum varies strongly along the nanowire. Two main characteristics are observed in figure 1(b): (i) intensity variations along the nanowire axis and (ii) recurrent shifting of the degenerate TO/LO phonon peak along the axis. We start by commenting on the variations in the intensity. Very sharp variations in intensity are observed in the second top part of the nanowire spectrum. The sharp reduction in intensity could be related to the discontinuity of the nanowire-absence of material. However, AFM measurements indicate that the nanowire is continuous and that the diameter is relatively constant. In order to better understand the decrease in scattering intensity, single spectra were obtained in the distinct regions. Spectra in sections of the nanowire with a high and low scattering intensity were obtained by increasing the integration time by a factor of 4. These are shown in figures 1(c) and (d), with the contributions resulting from Figure 2 . Raman waterfall plot. The Raman spectra were taken every 100 nm. The integration time was 240 s. As a guide to the eye, the light gray dashed line indicates the position of the degenerated Ge TO/LO mode, while the green dashed line indicates the evolution of the actual position of the Raman mode a multiple Lorentzian fit. As indicated by the presence of a broad peak centered at 273 cm −1 and a sharp peak at 296.5 cm −1 , the Raman spectrum corresponding to the dark regions in figure 2(b) is typical of a material with a very large ratio of amorphous to crystalline-figure 1(c). Namely, the amorphous germanium gives a broad peak centered around ∼280 cm −1 , while the crystalline germanium has a TO/LO phonon mode at 298 cm −1 [26, 19] . The Raman spectrum of the 'bright' regions is mainly composed of a sharp peak close to 296 cm −1 . These results are in agreement with the existence of a crystalline-amorphous core-shell structure, as we have previously reported [19] . Detailed TEM analysis of the nanowire structure will be presented later in the manuscript.
The crystalline fraction F c in a material has sometimes been estimated by integrating the peak intensity associated with the amorphous and crystalline phases, I a and I c respectively [27] :
where y corresponds to the scattering cross-section ratio between the crystalline and amorphous phases. For macroscopic samples, the value of y lies between 0.1 and 0.9, which is mainly due to the difference in the coefficient of absorption at the incident illumination energy [28] . However, for samples containing crystalline sizes of 100 nm or lower, it has been shown that y may vary significantly [29] . Moreover, y depends on the structural quality of the amorphous layer, as the Raman scattering cross-section increases with density [30] . We have calculated the ratio 100I c /I c + I a along the nanowire, which would correspond to the crystalline fraction if y = 1. The ratio varies from nearly 100% down to 8% in certain regions of the nanowire. This is an extremely large variation, which is certainly related to a dramatic change in the crystalline fraction. It certainly has important consequences for the electronic transport properties.
In addition to the variation in the crystalline fraction, a recurrent shift towards lower frequencies is observed. A shift to lower frequencies is often related to quantum confinement effects [31, 32] . Our extensive TEM analysis established that the diameter of the core is smaller for nanowires with smaller diameter [19] . In order to decide whether the observed shift is due to quantum confinement effects in a clearer way, a thinner germanium nanowire was investigated. The diameter was 86 nm, as determined by AFM. The Raman spectra of nanowire regions spaced 100 nm apart are presented in a cascade plot in figure 2. Only the peak corresponding to the TO/LO phonon mode of crystalline germanium is observed. The absence of the amorphous peak signal could be due to various effects: (i) the small integration time used for the measurement only leads to the recording of the predominant feature, (ii) due to the small diameter of the nanowire, the fraction of amorphous material is significantly smaller than for a larger diameter and/or (iii) the density of the amorphous shell is smaller than that of the crystalline core. In figure 2 , the position of the unstrained crystalline germanium is plotted with a discontinuous line as a reference. Along the 2.6 μm of the scan, a shift of the peak towards lower frequencies is observed. The shift of the Raman spectra could be attributed to the phonon confinement in the core of the germanium nanowires. Indeed, the active Raman mode of crystalline germanium is found only at the zone center (q = 0), due to the conservation of phonon momentum. In amorphous germanium, this rule does not apply, meaning that the Raman spectrum is much broader and reflects the phonon density of states [31] . When the dimensions of crystalline germanium are reduced, the phonon is restricted to the volume of the crystal. This leads to a relaxation of the momentum conservation rule, which leads to the broadening and downshift of the peak [31] . In order to obtain the crystalline size from the Raman lines, the peaks should be fitted following the function [32] where C(0, q) are the Fourier coefficients corresponding to the nanocrystal phonon wavefunction, also called the weighting function. In some models C(0, q) is chosen as a Gaussian weighting function, while in others a sinc weighting function is preferred. The latter would be better related to the ground state of an electron in a sphere [32, 33] . Our data fit quite nicely with the model in which the nanocrystal is assumed to have a spherical shape. According to this, the observed downshift of the TO/LO phonon mode of 6 cm −1 would correspond to a crystal size smaller than 30 nm. One should add that the contribution of strain to the peak downshift cannot be excluded, since the broadening of the peak is quite small. The spatially resolved Raman scattering measurements indicate a variation of the core diameter along the nanowire.
In order to contrast the information deduced by Raman scattering, TEM measurements were realized. Figure 3(a) corresponds to a STEM annular dark field (ADF) micrograph obtained in one part of a long nanowire, with a diameter of approximately 82 nm. ADF STEM micrographs enable us to discern between crystalline and amorphous regions, as highest intensity areas are mainly obtained when coherent scattered electrons (electrons diffracted under Bragg conditions) reach the annular detector. Interestingly, a 40 nm crystalline core capped with a 21 nm amorphous layer is observed. Electron energy loss spectroscopy and high angle annular dark field (HAADF) STEM measurements indicated that both core and shell are pure germanium, not shown here, but demonstrated in a previous work [19] . The oxide is limited to the 2 nm of the nanowire surface. The core is visibly corrugated, indicating that the monocrystalline core has an inhomogeneous morphology. In agreement with the Raman measurements, the morphology of the crystalline core is inhomogeneous along the axis. Indeed, in figure 3(b) a bright field TEM micrograph of another nanowire is shown. There, the crystalline core (in darker contrast) has shrunk down to 5 nm, while the shell continues to be about 40 nm. The inhomogeneous morphology of the core can be better appreciated in figure 3(c) , where a HRTEM micrograph of another In-catalyzed Ge nanowire is shown. In this case the core is bicrystalline: the core is divided into two regions separated by a perfectly flat grain boundary. On the left side of figure 3(c) , a rough monocrystalline domain is observed, as marked between the green and red dashed lines. This left side core domain is flat on the right grain boundary side, while it has saw-tooth morphology on the left side on the boundary with the amorphous shell. Annexed to this, on the right side between the red and cyan dashed lines, one finds a smooth single crystal. Interestingly enough, the two crystals exhibit the same crystalline [110] growth axis, but with an axially rotated grain boundary (marked with a red dashed line in the above HRTEM micrograph). For clarity, the surface of the two crystals has been indicated with green and blue dashed lines, while the grain boundary has been marked with a red dashed line. The crystalline structure of the two crystals was analyzed by power spectra obtained on the HRTEM images. Both crystals grow along the [110] axis. However, the left side is oriented along the [111] zone axis while the right one along the [110] zone axis, corresponding to a rotation of 35.26 • along the nanowire growth axis. The rough side of the core presents an inhomogeneous thickness, ranging from 10 to 26 nm, and presenting a sort of saw-tooth morphology. We do not detect any stress in the crystalline core. However, the core diameter changes significantly along the nanowire. The shrinking of the crystalline core might pose a problem in the attempt of using these nanowires for electronic devices, as they currently may be stopped (open circuit).
Finally, we would like to mention that we have tried to characterize the electric properties of these germanium nanowires.
For this, metallic contacts were fabricated by following a standard process based on electron beam lithography [34] . Two types of contact were realized: (i) directly on the nanowire surface after etching the natural oxide and (ii) directly on the nanowire core by etching the natural oxide and the amorphous core. The metal used was titanium/indium/gold. The contacts were separated by a distance of about 1 μm. Several contacts were fabricated on each nanowire. In all cases, the resistance was higher than 1 G -reaching the limit of our measurement set-up [35] . We attribute the absence of current to the shrinking of the nanowire core to sizes of the order of 10 nm or below. Moreover, we expect the existence of a relatively high density of interface states at the border between the crystalline core and the amorphous shell. In the case where the density of these electronic states is high enough, they can induce the complete depletion of the crystalline core [36] . In order to use these nanowires in electronic applications, it is necessary to develop a process to etch the amorphous shell and passivate the crystalline core.
In conclusion, we have presented a detailed study on the spatial dependence of the structure of indium-catalyzed germanium nanowires. Spatially resolved confocal Raman spectroscopy has shown variations in the structure along the nanowire axis. A variation in the crystalline fraction is observed, along with a change in the diameter of the crystalline core. The measurements are consistent with detailed TEM investigations and could explain the high resistivity of the nanowires. These results show the importance of spatially resolved Raman spectroscopy for the correlation of the structural and electrical properties.
